Q uantum dot solids (QDS) made from PbSe nanoparticles have led to a variety of (opto-)electronic applications ranging from field-effect transistors (FET) and thermoelectrics to photodetectors and solar cells. 1, 2 Electrical transport in these artificial solids has been well described as a network of spatially and energetically disorder hopping sites, where the mobility is determined by an interplay between electronic coupling, interparticle spacing, charging energy, and energetic polydispersity. 3 To increase the conductivity in PbSe QDS, numerous techniques have been developed, employing small cross-linkers such as hydrazine, alkanedithiols, ethylenediamine, thiocyanate, N,N 0 -dimethylformamide/tetrafluoroborate, sulfide, dicarboxylic acids, and halogenides.
1,4À6
Theoretically, it has been shown that as nanoparticle size is decreased, a fundamental trade-off exists between promoting transport through increased electronic coupling from enhanced wave function overlap and inhibiting transport through increased charging energy from a smaller self-capacitance. 7 This trade-off has been suggested as an explanation of nonmonotonic size-dependence of mobility in systems with sufficient electronic coupling, such as electron transport in ethanedithiol (EDT)-capped PbSe QDS. 8, 9 Here, we observe for the first time a nonmonotonic size-dependence of the hole mobility in QDS, by investigating methoxidestabilized PbSe nanoparticles. We attribute this behavior to the shorter interparticle spacing, which results in an increase in hole tunneling probabilities and a decrease in charging energy. Typically, ligand exchange with a short cross-linker results in an optical red shift of the S e r S h transition as well as an enhancement in the field-effect mobility. These processes are usually completed within seconds and therefore difficult to resolve in time. 4 Here, we study the shift of these two parameters after ligand exchange with a short cross-linker and its reversal upon exposure to air. Both parameters decay on very different time scales, indicating a lack of correlation between the optical shift and the change in field-effect mobility. We conclude that the induced red shift cannot be primarily due to electronic coupling.
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in terms of size, size distribution, and optical absorption in Figure 1 and show S e r S h transition energies in accordance with previous observations. 10, 11 To fabricate cross-linked QDS, we apply a 5.0 mM solution of tetrabutylammonium hydroxide (TBA-OH) in methanol to spin-cast thin films. The solution is described by the equilibrium
Following the law of mass action, it is straightforward to show that in a 5 mM solution of TBA-OH in methanol the molar ratio of CH 3 O À to OH À will be 95:1.
From here on, we will refer to the capping ligand introduced by this treatment as "methoxide (MeO À )", although the exchange solution contains 1% OH À as an impurity. For more details, the reader is referred to the Supporting Information (SI). Exposing a thin film of Pb-oleate-capped PbSe nanoparticles to MeO À leads to instantaneous insolubility of the particle film in nonpolar solvents such as hexanes or chloroform. FT-IR (Figure 2 , exemplarily shown for 6.4 nm particles before and after ligand exchange) indicates the change in chemical nature of the ligand shell upon this treatment. The broad band at 3500 cm
À1
is indicative of an OH-containing species, whereas the band at 1100 cm À1 is typical for the methoxide ion.
The same species causes the multiple CÀH stretching bands at <3000 cm À1 and the sharp peak at 1380 cm À1 . In the spectrum of the original Pb-oleate ligand we note two characteristic features of the CdO stretching bands between 1400 and 1500 cm À1 (indicating a binding interaction) and the small CdC band at 3010 cm
. Both features vanish upon treatment with MeO À (the most energetic CÀH feature in this spectrum occurs at 2970 cm À1 ), which we attribute to an at least partial ligand exchange. The extent of ligand exchange is further validated by X-ray photoelectron spectroscopy (XPS) of the same particle sample in the energy regime of the C 1s level. Where previous studies of Pb-oleate-capped nanoparticle films clearly resolved a COO À feature at 288 eV in XPS, this feature is absent after treatment with MeO À and Figure 1 . Characterization of the eight PbSe nanoparticle samples studied in this work. Transmission electron microscopy (TEM) was used to derive the mean particle diameter and size distribution of at least 100 particles per sample. UVÀvis spectroscopy was applied to correlate the mean particle diameter to the energy of the 1S e r 1S h transition of each sample. 
www.acsnano.org 6776 supports the conclusion of a partial ligand exchange. 4 We note that the C 1s signal cannot be described adequately with a single GaussianÀLorentzian component but rather requires a second function at higher energy centered at about 286.2 eV. We interpret the first signal with residual hexanes/octane adsorbed by the film and the second signal with the carbon in the methoxide ion. Note that the 1s core level of R 3 CÀO is expected at 286.4 eV. 12 Thin films of all oleate-capped samples have the same S e r S h transition energy as the colloidal sample in tetrachloroethylene. Upon MeO À treatment, all QD samples exhibit a pronounced red shift consistent with results for hydrazine-, ethanedithiol-, or dicarboxylic acid-capped PbSe QDS. 1, 4, 13, 14 As demonstrated in Figure 3a the red shift upon ligand exchange increases with decreasing particle size. For the smallest particles (3 nm), the exciton was not measurable in thin films, possibly due to either extremely large exciton shifts or the dominance of FabryÀPérot cavity modes. 2 For more details on these arguments, the reader is referred to the SI. For comparison, we include two reference points for EDT-capped PbSe nanoparticles at a given size in the diagram. 4, 8 It is apparent that the sizedependence of the shift in S e r S h transition energy upon ligand exchange with MeO À or EDT is very similar for both systems. The shift is found to be highly sensitive to oxidation, to the point that the red shift experiences an oxygen-induced blue shift of equal and opposite magnitude within the first 2 min of exposure to air (Figure 3b ). Previous studies using carboxylic acids and PbSe have found similar quick reversals of excitonic red shift upon air exposure. 13 We demonstrate the reduction of interparticle spacing upon ligand exchange from Pb(oleate) 2 to Pb(MeO) 2 by a comparative TEM study in Figure 4 . Films of initially well-dispersed quantum dots with a mean interparticle spacing of roughly 15 Å undergo a contraction to ∼2À3 Å upon exchange with methoxide. We note a similar effect reported in PbSe nanoparticle films where hydrous methanol was used to replace Pb(oleate) 2 . 15 In that work, partial fusion of nanoparticles was reported upon ligand exchange, which we do not observe with the treatment presented here.
We further investigate the effect of MeO 
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The negative slope of the transconductance sweep (Figure 5b ), that is, the decrease in drain current upon increased electron injection, is indicative of unipolar hole transport and p-type behavior. We extract the field-effect hole mobilities (μ h ) in the linear regime and derive the hole concentration (n h ) via Ohm's law [see SI]. We find n h to be relatively constant, having a concentration of (8 ( 2) Â 10 17 cm À3 over the whole size regime studied.
In Figure 6 , we display the size-dependent fieldeffect hole mobility. For comparison, we plot μ h over the same PbSe diameter range as for EDT-capped PbSe QDS taken from ref 8. As explained therein, μ h increases monotonically with size. In contrast, for MeO À capping we find a nonmonotonic size-dependence for the hole mobilities with a maximum at d = 6.4 nm, exceeding μ h for EDT capping of this particle size by over 1 order of magnitude. Upon exposing transistors of MeO À -capped PbSe QDS to air, μ h is found to decrease slowly over the course of hours and days. We demonstrate this exemplarily for 5.7 nm particles in Figure 7 but note a similar behavior for all sizes. We simultaneously plot the change in S e r S h transition energy over the same time interval. After an initial red shift due to the ligand exchange, upon air exposure the transition energy gradually blue shifts at a much slower rate, consistent with previous reports.
4,14

DISCUSSION
The technique presented here provides a facile way to prepare p-type PbSe QDS with large mobilities at high doping levels. This material has potential for application as a thin-film thermoelectric where unipolar transport, large mobilities, and carrier concentrations of 10 18 cm À3 are ideal. The preserved quantum confinement and nanostructure with subphonon wavelength grain sizes hold for additional improvements of the Seebeck coefficient and reduction of thermal conductivity. 16, 17 We would like to emphasize that the procedure presented here does not involve annealing in air or other less controlled oxidation techniques applied previously. 6, 18 Rather, the carrier concentration is fixed after brief exposure (∼3 s) to the ligand exchange solution. When kept under inert conditions, MeO À -capped PbSe QDS exhibit stability of optical and electrical properties for weeks. In contrast with a similar report on ligand exchange with hydrous methanol, we do not observe significant changes in particle size and morphology. 15 We attribute this to the relatively acidic conditions imposed by hydrous methanol, which is known to facilitate the fusion of particles via oriented attachment in lead chalcogenide nanostructures. 17 In contrast, the method presented here imposes basic conditions and short exposure times, which minimizes the probability of etching and fusion. Increased Hole Mobility over EDT Capping and Nonmonotonic Size-Dependence. Transport through a QDS is determined by the interplay between electronic coupling and the activation energy for interparticle hopping. 19 We consider three explanations for the greater hole mobilities observed for MeO À capping vs EDT capping:
(1) a decrease of the activation energy due to an increase of the effective static dielectric constant of the ligand matrix, (2) an increase of electronic coupling, and (3) a smaller surface trap state density. The activation energy is the sum of the charging energy E C and the site disorder ΔR. Kang et al. demonstrated that the room-temperature activation energy of PbSe FETs could be well accounted for through nearest-neighbor hopping models, with six nearest neighbors. These models assume two-dimensional transport, as the injected carriers lie in a plane at the gate oxide interface. 19 Under this assumption, the site disorder can be approximated from the full-width halfmaximum (fwhm) of the S e r S h transition as
and the charging energy can be calculated by applying a modified LaikhtmanÀWolf model, which takes into account the mutual capacitance of nearest neighbors and the effective dielectric constant of the total medium 
6778
(nanoparticles, ligands, and voids). 20À22 The full details of these calculations are given in the SI, and it is interesting to note that we arrive at similar values of the charging energy for both the nearest-neighbor calculations and the LaikhtmanÀWolf model. We find the charging energy to be a stronger function of ligand permittivity than interparticle spacing. Assuming the same static dielectric constant of the ligand (ε L ), we calculate comparable values for the charging energy of EDT-and MeO À -capped particles, despite the differences in interparticle spacing (2À3 vs 5 Å). 19 In contrast, large differences in E C are observed when changing the static dielectric constant. For a 5.7 nm PbSe particle for instance, E C decreases from 9.3 meV to 2.1 meV upon changing ε L from 2.6 (as in Pb(EDT) 2 capping) to 10. Although ε L of Pb(MeO) 2 is unknown, we conclude that one possible explanation for the larger mobilities of PbSe films capped with MeO À vs EDT could be a larger static dielectric constant of the ligand. We now consider increased electronic coupling as the reason for improved transport. As demonstrated in ref 8, the mobility of PbSe nanoparticle films is well described by the MillerÀAbrahams expression such that the tunneling rate depends on exp(Àβd), where d is the interparticle spacing and β is a constant that depends on the carrier effective mass and the height of the tunneling barrier. Since β is on the order of 1 Å À1 , a change in d from 5 Å to 2À3 Å invokes a significant increase (7À20 times) in the tunneling rate, and we note that the upper end of this range approximately matches the difference in carrier mobility observed for 6.4 nm diameter particles, where mobilities are at their peak. 9 Lastly, efficient surface passivation and small trap state densities in PbSe QDS have been shown to result in drastically improved mobilites. 23 Since methoxide capping of PbSe leads to a larger carrier concentration than capping with EDT, such an effect is unlikely to be responsible for the increased mobility in the present case. Given the low values of charging energy and the large increase in tunneling probabilities, we attribute the improved transport properties predominantly to increased electronic coupling. Electronic coupling and the activation energy to transport both decrease monotonically with increasing nanoparticle diameter. This is due to the reduction in particleÀparticle wave function overlap and a growing self-capacitance, respectively. 9 In many systems, electronic coupling is so small that changes in activation energy are always the limiting factor, and the size-dependent mobilities follow it monotonically. When both parameters are of comparable magnitude, their competition can result in a nonmonotonic sizedependence of the carrier mobility. 9 For PbSe, this has first been observed by Liu et al. for electrons in EDT-capped nanoparticles. 8 However, the corresponding hole mobility was seen to increase monotonically with size.
This has recently been explained with different coupling strengths of electrons and holes under the assumption that holes carry a larger effective mass in EDT than electrons. 9 The fact that MeO À -capped PbSe nanoparticle films exhibit a nonmonotonic size-dependence of the hole mobilities (see Figure 6 ) highlights our conclusion that electronic coupling is significantly improved over EDT capping, in conjunction with a decrease in the activation energy. There may exist a similar increase in electron mobilities as well; however we were not able to measure these values for the moderately doped and unipolar MeO À transistors. We note that a third factor for the observed size-dependence of the mobilities could be a size-dependent trap state density. For example, small, octahedral lead chalcogenide nanoparticles are typically more stable toward oxidation than larger, more cuboctahedral-shaped particles. 24 The latter type of particles is more likely to possess a large number of surface states for this reason, which may explain the relatively low mobility of the largest PbSe sample in the present work. However, such a size-dependence is not reflected in the carrier concentrations, which are constant over the whole range of particle samples. Finally, it is noteworthy that despite the seemingly improved electronic coupling for MeO À vs EDT capping, the size-dependence of the optical red shift is very similar for the two systems (Figure 3a ). This provides supporting evidence that there is little correlation between the red shift and the degree of electronic coupling in these materials. Correlation between Optical Shift and Field-Effect Mobility. The origin of this optical shift has previously been attributed to three components: (1) electronic coupling, (2) polarization effects, and (3) transition dipoleÀtransition dipole coupling. 4,12,25À27 We stress an important difference in the treatment of the dielectric environment between electric and optical problems: Whereas for electric particleÀparti-cle interactions the static dielectric constant, that is, the real part of the dielectric function at low frequencies has to be considered, for optical interactions, it is the complex dielectric function at optical frequencies that is most relevant. 28 Calculations have shown that a sizable amount of electronic coupling is necessary to overcome the charging energy inherent to QDS and explain the observed mobilities, but the magnitude varied between 10 meV and 8 μeV for the same system depending on the calculation. 3, 9 Strong polarization effects can result from a mismatch of optical dielectric constants at the interface between nanoparticle and ligand; however previous studies have shown such effects to be significantly smaller than the observed shifts. 25, 29 We also find only small shifts (1À5 meV) when applying such calculations to our data. Finally, transition dipoleÀtransition dipole coupling could possibly explain a red shift of similar magnitude for CdS clusters. 
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In a similar manner, here we explore a classical coupled dipoleÀdipole model and find that it explains the majority of the observed shift in the MeO À -capped films (dashed line in Figure 3a) . In short, we consider the coupling of transition dipoles embedded within a dielectric surrounding defined by the MaxwellÀ Garnett effective media approximation. 28, 31 While a complete coupled dipole model uses spectrally dependent optical dielectric constants, the version used here is a simplified model that assumes nondispersive properties of both the nanoparticle and ligand. We check this assumption by utilizing the KramersÀKronig relations to extract optical permittivities from the solutionphase measurements and find that they remain relatively constant (24 ( 1) over the range of optical wavelengths. Complete details of these calculations are given in the SI. We also note that the negligible red shift of the largest particles is far less than expected. This may point to the inadequacy of the various assumptions within the model, such as a constant optical dielectric value, the permittivity of the ligand, the packing fraction of the spheres, the validity of MaxwellÀGarnett effective media theory, or the absence of quantum mechanical treatments. The complete recovery of the original absorption spectrum of oleate-capped QDs upon (1) exchange with MeO À and (2) exposure to air for 2 min as displayed in Figure 3b has the following implications: (a) The optical shift is not caused by partial sintering, necking, or ripening as recently put at question since such effects are unlikely to be reversed on brief exposure to air.
(b)
There is little correlation between the optical shift and the field-effect mobility. As demonstrated in Figure 7 , the deterioration of μ h upon exposure to air happens on a much longer time scale. Where the optical shift has completely vanished after 2 min of air exposure, the mobility decreases by less than 40% in the same time. Notable changes in μ h appear after several hours, but at this point the S e r S h transition energy of MeO À -and oleate-capped QDS alike have blue-shifted significantly, which is indicative of the formation of an oxide shell. 14 Hence, our data support the view that electronic coupling is only weakly reflected in the red shift but almost entirely due to transition dipole coupling or polarization effects.
Reversal of the Optical Red Shift upon Exposure to Air. Oxidation of PbSe in air is a multistep process leading to the formation of PbO, Pb(OH) 2 , and PbSeO x species. 4, 32 O 2 is readily incorporated into the PbSe lattice, resulting in a smaller semiconductor nanoparticle diameter and larger interparticle spacing. This oxidation is rapid in the beginning but slows down considerably as the oxide shell growth proceeds. 32, 33 Water can have a similarly detrimental effect on the structure and chemical nature of PbSe by substitutional incorporation into the lattice and formation of H 2 Se and Pb(OH) 2 . For example, Zhang et al. have studied the gradual formation of an amorphous Pb(OH) 2 shell onto the surface of PbTe nanoparticles upon exposure to aqueous bases. 34 Specifically in the case of MeO À -capped nanoparticles, exposure to moisture will lead to the formation of methanol in the ligand sphere. In Figure 8 , using the same coupled dipoleÀdipole model, we consider two different explanations for the rapid reversal of the optical red shift in MeO À -capped PbSe nanoparticles upon exposure to air as displayed in Figure 7 : (1) a change in the dielectric environment inflicted by oxidation of the nanoparticle, and (2) a change in nanoparticle diameter due to the oxide shell. The permittivity of the ligand/void matrix depends upon the permittivities of each of the possible oxidation products and their respective filling fraction. Given the diversity of possible oxidation products, we decided to parametrize the red shift simply in terms of the effective permittivity of the ligand matrix after oxidation. Starting from the permittivity of methanol (∼1.8) at optical frequencies, an increase to 9 upon exposure to air would be required to solely explain the red shift reversal. At the same time, we note that increasing quantum confinement and reducing the polarizability volume by the formation of a 0.9 Å thick oxide shell could account for the shift without changing the matrix optical dielectric constant. The realistic À and exposure to air (722 meV). At time t = 0 min (the instant of exposure to air), the red shift is þ30 meV, the oxide shell thickness is 0 Å, and the dielectric of the matrix is assumed to be 1.8. The three dashed lines relating exposure time to the excitonic red shift are taken from Figure 7 . The vertical white overlay represent a range of possible values for oxide shell-thickness after two minutes air exposure based on using the WKB approximation to explain the observed mobility decrease. The horizontal white overlay represents a range of matrix permittivity values if the surface and void space were completely filled with PbO.
www.acsnano.org 6780 situation probably lies somewhere between these two extremes, and we note that using the WKB approximation, the mobility decrease of 40À60% experienced over the same initial oxidation would correspond to an increased edgeÀedge interparticle distance of 0.5À0.9 Å or the formation of a 0.25À0.45 Å thick oxide shell. This would leave a value of the matrix permittivity roughly between 4.5 and 6, which is in relatively good agreement with the values for PbO. 35, 36 For longer oxidation times, the matrix dielectric has less effect on the excitonic shift, and the model predicts the formation of much thicker oxide shells, which would correspond to the significant decline in mobility.
CONCLUSION
We have investigated the correlation between the optical shift of the S e r S h transition and the fieldeffect mobility in methoxide-capped PbSe quantum dot solids. By studying their degradation in air, we find both processes to be weakly correlated, which implies that the actual coupling energy responsible for the observed hole mobilities of up to 0.3 cm 2 V À1 s À1 is much smaller than often assumed. Nonetheless, coupling is found to be competitive with the activation energy to transport, as evident by the nonmonoticity in the size-dependent hole mobilities. On using an effective medium approach, we achieved reasonable agreement between our optical data and the shift predicted due to dipoleÀdipole interactions upon changing the dielectric environment and interparticle spacing by ligand exchange and oxidation in air.
METHODS
Synthesis of PbSe Nanoparticles. PbSe nanocrystals were synthesized by slightly modifying previously reported procedures.
1,2 All manipulations were carried out in a dry and oxygen-free environment. Specific amounts and times for individual particle sizes are reported in Table 1 .
Lead(II) oxide (Aldrich, 99.999%) was mixed with oleic acid (Aldrich, 90%) and 1-octadecene (ODE) (Aldrich, 90%) in a threenecked flask with a temperature couple control finger, reflux condenser, and septum and heated under vacuum to 100°C for at least 90 min, by which a colorless solution was obtained.
For the synthesis of 3.0 nm nanoparticles, we followed the procedure developed by Ma et al. A solution of 68 μL of bis-(trimethyl)silylselenide in 3.0 mL of ODE was used as the selenium precursor. The reaction temperature was 130°C.
For all other particles, we used a 1.0 M TOP-Se solution (1.9 M for the 5.3 nm sample), obtained by dissolving 1.185 g (2.2 g) of selenium powder (Aldrich, 99.99%) in 15.0 mL of trioctylphosphine (TOP) (Strem Chemicals, >97%) on stirring for 2 h. For some particles used in this work, 130 μL of diphenylphosphine (DPP) (Aldrich, 98%) was added to the solution. The solution containing the lead precursor was set in an argon atmosphere and heated to 180°C. The TOP-Se solution was rapidly injected, upon which the solution temperature dropped to 155À160°C, and the heater was switched off.
For all particles after the desired reaction time had passed, 10 mL of cold hexanes was carefully injected, and the solution was additionally cooled with an external water bath.
The nanocrystals were precipitated by the addition of anhydrous ethanol, the suspension was centrifuged for 5 min at 4500 rpm, the supernatant was discarded, and the precipitate was dissolved in anhydrous toluene. It was washed two more times on adding anhydrous methanol and one more time with acetone. Finally the nanocrystals were stored in a 9:1 mixture of anhydrous hexanes/octane.
Ligand Exchange with Tetrabutylammonium Hydroxide. Substrates were cleaned on using soap scrub and rinsing with distilled water, followed by 2-propanol and acetone, blow-dried and plasma-cleaned for 5 min, and mounted onto a spin-coater. While spinning at 2000 rpm, one drop of a filtered hexanes/ octane (9:1) solution of nanoparticles (roughly 10 mg/mL) was drop-cast onto the substrate, followed by 30 μL of a filtered 5 mM solution of tetrabutylammonium hydroxide in methanol, three consecutive drops of methanol to spin-off excess ligand, and, finally, three consecutive drops of hexanes to wash off the oleate. This procedure was repeated until a thickness of roughly 50 nm was reached as determined from ellipsometry.
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